Abstract-In this paper, we consider the motion parameter estimation of ground moving targets in a multistatic passive airborne radar that utilizes broadcast signals as a source of opportunity. It is shown, by focusing on the target position or within its close vicinity, that the narrow signal bandwidth permits the use of a moderate coherent integration time without range migration compensation. The multistatic nature, achieved through the use of multiple illumination sources, enables velocity and acceleration estimation in two-dimensional horizontal directions on the ground. A cost function is developed based on the estimated motion parameters which, when three or more illuminators are available, allows rejection of ghost targets in a single-frequency network (SFN) and proper parameter association in the presence of multiple closely spaced moving targets.
I. INTRODUCTION
In recent years, multistatic passive radars (MPRs) that use signals of opportunity attract significant interests because of many advantages, particularly due to their low-cost and covertness [1] - [6] . The fact that they do not emit wireless signals also makes them valuable for the reduction of frequency spectrum congestion.
Conventional active airborne radar systems typically operate in a monostatic mode with a wide signal bandwidth and a high power. In such a platform, motion parameter estimation of ground targets is an important problem applied in various surveillance applications. In particular, significant advances have been made to achieve sophisticated signal processing for motion parameter estimation, notably in the areas of timefrequency analysis, motion compensation, and range migration compensation (e.g., [7] , [8] ).
Multistatic passive radar systems, on the other hand, distinguish themselves with conventional active radars in a number of aspects, e.g., extremely narrow signal bandwidth, low signal power, bistatic operation, and the availability of multiple transmitters. In addition, passive radars may operate in a singlefrequency network (SFN), where identical waveforms are transmitted from multiple illuminators [1] , [2] , [9] . Literature in the area of multistatic passive radar systems and motion parameter estimation is still very limited (e.g., [4] - [6] ).
In this paper, we investigate the problem of motion parameter estimation of ground moving targets in a multistatic passive airborne radar. Motion parameter estimation is very important to moving target indication and tracking as well as synthetic aperture radar (SAR) image enhancement. To address the unique features of the multistatic passive radar systems that distinguish conventional monostatic radar systems, the following issues are emphasized. 1) Because broadcast signals are not designed specifically for sensing, they are in general very weak and thus a long coherent processing interval (CPI), in an order of seconds, is often required to achieve reliable motion parameter estimation. As such, it is important to not only estimate the target velocity, but also the target acceleration. 2) Due to the bistatic nature, the Doppler frequencies observed in a passive radar are differently affected by the bistatic aspect angles of both the transmittertarget segment and the target-receiver segment. As such, the availability of multiple transmitters, which are typically well separated in space, permits unambiguous estimation of the full motion parameters in different directions. 3) With the extremely narrow bandwidth, the range migration problem appears to be very different to wideband systems. When a specific ground position is concerned, the dominant source of range migration due to the motion of the receive radar platform can be compensated for by a known reference range, and a moderate CPI can be used without the necessity of accounting for the range migration due to target motions. The use of Keystone transform, on the other hand, would permit an extended CPI without considering the target acceleration.
In digital audio/video broadcast (DAB/DVB) services operate in an SFN, a passive radar may suffer from the ghost target problem where the number of signal copies depends on the number of illuminators in the range [9] . While the ghost targets may not be easily distinguished from true targets from SAR images, they can be clearly separated by exploiting estimated motion parameters. In particular, for moving targets considered in a two-dimensional (2-D) ground space, a cost function is developed based on the estimated motion parameters to allow for ghost rejection when three or more illuminators are available. On the other hand, when multiple moving targets are closely located, estimation of their motion parameters requires their observed Doppler signatures to be properly associated. The same cost function can be used to achieve this goal.
The following notations are used in this paper. A lower (upper) case bold letter denotes a vector (matrix). (·) * , (·) T
and (·)
H respectively denote complex conjugation, transpose, and conjugate transpose (Hermitian) operations.ȧ = da/dt (orȧ = da/dt) denotes the derivative of variable a (or vector a) with respect to time. I N expresses the N × N identity matrix, and blkdiag(·) denotes the operation to form a block diagonal matrix. In addition, || · || denotes the Euclidean norm of a vector.
II. SIGNAL MODEL

A. Geographical Relationship
We consider an MPR system where an airborne receiver moves along its track direction, which coincides with the xaxis, in a constant vector velocity of v r . We assume that N stationary illuminators are available and their positions are known a priori.
Denote r(t) = r 0 + v r t as the trajectory of the receiver, where r 0 is the initial position vector, and v r is the velocity vector. The trajectory of the moving target is denoted as p(t) = p 0 + vt + at 2 /2 and the corresponding instantaneous velocity isṗ(t) = v + at, where p 0 , v, and a are, respectively, the initial target position, initial velocity, and acceleration vectors. All these parameters are defined in the three-dimensional (3-D) Cartesian coordinate. We assume that the target is located on the ground, i.e., the z-axis components of the target position, velocity, and acceleration are all zero. As a result, the four unknown parameters that characterize the motion of the target are defined in the x-and y-axes
The range between the ith illuminator, located at t i , i = 1, ..., N , and the receiver, which is located at r(t), is expressed as
and the radial velocity between them is obtained aṡ
On the other hand, the bistatic range between the ith transmitter, the target, and the receiver, is expressed as,
and the corresponding bistatic velocity iṡ
B. Transmit and Receive Signals
The ith illuminator emits a narrowband bandpass waveform with analytic baseband representation u i (t). The reference channel signal, i.e., the direct path signal, received by the receiver from the ith transmitter is given by
where c is the velocity of propagation, f c is the carrier frequency, and n i r (t) is the additive noise. The subscript "r" denotes the reference channel. The observation time is assumed to be t = [0, Δ s , 2Δ s , ..., T − Δ s ], where Δ s = 1/f s is the sampling interval corresponding to the sampling frequency f s . The overall observation yields a total number of T f s samples.
In practice, it is reasonably assumed that the noise in the reference signal can be removed. This is justified by the fact that digital broadcast systems (e.g., DAB or DVB-T) use forward error correction (FEC) coding and thereby enable passive radar receivers to perfectly reconstruct the transmitted signal after successful demodulation [4] , [10] . As such, the baseband direct path signal becomes
On the other hand, the surveillance channel signal, i.e., the target-reflected signal, is given at the baseband by
where the subscript "s" denotes the surveillance channel, σ i is the target reflectivity corresponding to the ith illuminator, and n s (t) is the additive noise. It is assumed that the reference and the surveillance channels have been sufficiently conditioned to prevent significant leakage between these channels [6] .
C. Matched Filtering
A segmented reference signal is used to correlate with the surveillance signal. It yields a sequence of matched filter output at time instants t 1 , ..., t M , where M is the number of azimuth samples and Δt = t m − t m−1 is the azimuthal sampling interval. At the output of the matched filter, the phase term is determined by the difference between the transmittertarget-receiver bistatic range and the transmitter-receiver direct path distance. By considering the motion of the radar platform and the target, the range difference is expressed as
Applying the Taylor series expansion to the above expression and ignoring insignificant high-order components, we obtain
In the above expression, the first term,
is the constant range difference term. The second term is related to range walk or the constant Doppler shift. The third term is related to the range curvature or linear Dopplerfrequency modulation.
D. Range Migration Correction
In wideband radar systems, because of the high range resolution, range migration must be compensated before coherent signal processing can be performed over the azimuthal time.
In the underlying passive radar system, however, because of the narrow signal bandwidth and thus the low bistatic range resolution, the system is more tolerant to range migration than its wideband counterparts. In particular, by focusing on the target position or within its close vicinity, range migration due to the radar platform motion is inherently corrected. For the simplicity of description, the problem is considered in this paper without performing range migration compensation due to the moving target. It is pointed out, nevertheless, that compensating the range migration of the moving target through, e.g., the commonly used Keystone transform [7] , would allow extended CPI for improved motion parameter estimations.
In (9), we notice that the dominant source of range migration is the radar platform, whose motion parameters are known. Therefore, we can compensate the range migration due to the motion of the radar platform for those terms that are not coupled with others. Because the range depends on a specific target position (p 0 in (9)), such compensation is only effective in the vicinity of the selected reference point.
Consider a ground reference position (which is also referred to as the scene origin) with a coordinate of q. Then, the bistatic range between the ith transmitter, the scene origin, and the receiver, is expressed as,
The corresponding delay, ζ i (t m ), will be used in the matched filtering to replace r i (t), yielding the time delay term to be expressed as
Let Δ = p 0 − q. Because the target is in the close vicinity of the scene origin, ||Δ|| is much smaller than the transmittertarget and the target-receive ranges, i.e., ||Δ|| ||q − t i || for all i and ||Δ|| ||q − r 0 ||. Then, the above expression is approximated as
As in (9) , the terms in the right-hand side respectively represent the constant term, range walk, and range curvature. In a typical operation environment, the contribution of v r is insignificant, and the range migration is primarily due to the target motion, allowing more than a second of CPI within which the target does not walk beyond half of the bistatic range resolution.
III. AZIMUTHAL TIME DOPPLER ESTIMATION AND MOTION PARAMETER ESTIMATIONS
A. Azimuthal Time Doppler Estimation
When the range migration is corrected, as described in the previous section, the signals corresponding to a target is aligned within the same range cell over a certain CPI. Then, time-frequency analysis techniques can be applied against the azimuthal time to analyze the instantaneous Doppler signature. The Doppler signatures after range migration are approximated as linear frequency modulated (LFM) signals, and their characteristics can be estimated using a number of techniques, such as the Radon-Wigner transform, the fractional Fourier transform (FrFT), and the chirp-Fourier transform (e.g., [12] - [15] ). These techniques have been commonly applied in SAR systems and other radar applications (e.g., [16] - [18] ). In this study, the Radon-Wigner transform is used.
B. Motion Parameter Estimation
In (13), we see that the unknown variables governing a moving target is the x-and y-axis components of the target's velocity and acceleration, totaling 4 unknowns. On the other hand, the number of parameters we can estimate from each data set through the analysis of azimuthal data is 2 (Doppler centroid and chirp rate). Note that, because of phase wrapping, the phase information cannot be used for the estimation of the range displacement.
Denote f 
where
and λ = c/f c is the wavelength. Because of the involvement of the transmitter position t i , the use of N spatially separated illuminators yields 2N distinct equations, expressed in matrix format as
where φ = [f [1] 0 , β [2] , · · · , f
As a result, the 4 unknown motion parameters can be uniquely solved when N ≥ 2. The use of 2 illuminators allows unambiguous motion parameter estimation, whereas more illuminators will yield an overdetermined problem for improved motion parameter estimation performance.
C. SFN Ghost Rejection
By broadcasting the same waveform in the same frequency band from multiple illuminators, SFN broadcasting achieves higher spectrum efficiency as compared to the multi-frequency network (MFN) counterparts. Because of the slow symbol rate used in coded OFDM (COFDM) schemes, signals transmitted from different transmitters act as frequency-nonselective fading and do not generate inter-symbol interference.
In an SFN with N transmitters, a receiver receives N copies of the signal from a single target. Due to lack of association information, the receiver does not know which one corresponds to which transmitter. As a result, all the N copies of signal should be processed against the bistatic systems associated with the N different transmitters, yielding N 2 bistatic configurations. Fig. 1 shows an example of a three-transmitter scenario, where the detailed parameters are described in the Section IV. These N 2 ellipses generate a number of cross-sections as potential ghosts.
Because the position of a ghost target is usually far separated from the true target position, the received signals do not yield meaningful Doppler parameter estimation because the range walking due to the radar receiver platform is not compensated. In addition, when three or more transmitters are available, motion parameter estimation allows ghost rejection from the following perspectives: (a) Determine as a ghost when signals from only one or two transmitters are recognized. (b) For a position with signals from all the available transmitters, because the motion parameter estimation problem is overdetermined, only parameters estimated at the true target positions yield small distances between them and the observation data. (c) The estimated motion parameters at ghost positions may take values that are beyond the reasonable range. The relation (16) holds for all the transmitters when the true target is considered. In this case, the error between φ and A(q)θ is primarily due to noise and is thus very small. For ghost positions, on the other hand, there is no such intrinsic relationship between the observed Doppler signature and the motion parameters. Therefore, the motion parameters estimated from this expression are merely a mathematical solution that best fits this equation. As a result, we can expect a large difference between φ and A(q)θ in this case.
Therefore, we use the following criterion to accept or reject a position under test as a legitimate target or a ghost:
where P = blkdiag[I N , T I N ]. We declare a legitimate target when η ≤ η 0 and a ghost when η > η 0 , where η 0 is a pre-determined threshold. Because the estimation error of the parameters is typically a small fraction of the parameters themselves, η 0 can be chosen to be much smaller than one.
D. Parameter Association with Multiple Targets
When multiple targets are closely spaced and appear in the same range bin for different bistatic settings, correct motion parameter estimation is achieved only when the target Doppler signatures corresponding to different illuminators are properly associated. Such situations are very likely to happen because of the narrow signal bandwidth used in passive radar systems. The Doppler frequency analysis can separate multiple targets in the time-frequency domain as long as their Doppler signatures are not identical. However, because these signatures appear in the same range, we obtain K sets of parameters for each bistatic setting with a transmitter, where K is the number of targets. For each parameter set, we need to identify the parameters that are associated with the same target in other bistatic settings.
The cost function expressed in (17) can be used to associate the target combinations in an overdetermined scenario, that is, 3 or more transmitters are available. Under the similar concept, when all the estimated Doppler signatures obtained from the same target, the cost function defined in (17) takes a small value. Otherwise, when the Doppler signatures belong to different targets, the cost function will take a large value.
IV. SIMULATION RESULTS
In the simulations, we use DAB signals as sources of opportunity. The DAB signals, which use COFDM, are specified in [11] . The main characteristics of a DAB signal are as follows: (1) The symbol has 1-ms useful duration with a guard interval of 0.246 ms; (2) 1536 sub-carriers are transmitted simultaneously per symbol with a sub-carrier spacing of 1 KHz, which yields an overall signal bandwidth of 1. T km. The receiver data is sampled at a sampling rate of 2.048 MHz. We use half-overlapping segments, where the azimuthal position is sampled at 200 Hz, and the correlation data length is 10 ms. We assume that the transmitters are synchronized. A 1-second coherent processing time is used, which yields 200 azimuthal data samples. The input signal-to-noise ratio (SNR) is −45 dB. As illustrated in Fig. 2 , two Doppler signatures are present corresponding to each illuminator, yielding two sets of chirp parameter estimates. These estimated parameter sets must be correctly associated to yield the correct motion parameter estimation. In Fig. 2(a) , the circles are the estimated results for the first target with the correct association. In this case, the cost function is η = 0.0089. On the other hand, Fig. 2(b) shows one example where the Doppler signatures are not correctly associated. In this case, a high value of η = 0.778 is obtained, implying incorrect Doppler signature association.
V. CONCLUSION
In this paper, we have examined the motion parameter estimation of ground targets using an airborne passive radar that utilizes single-frequency network (SFN) broadcast signals as sources of opportunity. By focusing in the vicinity of the targets, the motion parameters are estimated based on the observed Doppler signatures corresponding to multiple illuminators. We also have developed a cost function which can be used to effectively determine whether a position with bistatic trajectory cross-sections corresponds to a legitimate target or an SFN ghost. The same cost function can also be used for target Doppler sigature association for correct motion parameter estimation when multiple moving targets are closely positioned. 
